Haplogroup G, together with J2 clades, has been associated with the spread of agriculture, especially in the European context. However, interpretations based on simple haplogroup frequency clines do not recognize underlying patterns of genetic diversification. Although progress has been recently made in resolving the haplogroup G phylogeny, a comprehensive survey of the geographic distribution patterns of the significant sub-clades of this haplogroup has not been conducted yet. Here we present the haplogroup frequency distribution and STR variation of 16 informative G sub-clades by evaluating 1472 haplogroup G chromosomes belonging to 98 populations ranging from Europe to Pakistan. Although no basal G-M201* chromosomes were detected in our data set, the homeland of this haplogroup has been estimated to be somewhere nearby eastern Anatolia, Armenia or western Iran, the only areas characterized by the co-presence of deep basal branches as well as the occurrence of high sub-haplogroup diversity. The P303 SNP defines the most frequent and widespread G sub-haplogroup. However, its sub-clades have more localized distribution with the U1-defined branch largely restricted to Near/Middle Eastern and the Caucasus, whereas L497 lineages essentially occur in Europe where they likely originated. In contrast, the only U1 representative in Europe is the G-M527 lineage whose distribution pattern is consistent with regions of Greek colonization. No clinal patterns were detected suggesting that the distributions are rather indicative of isolation by distance and demographic complexities.
INTRODUCTION
The Y-chromosomal haplogroup G (hg G) is currently defined as one of the 20 standard haplogroups comprising the global Y-chromosome phylogeny. 1 The phylogeographic demarcation zone of hg G is largely restricted to populations of the Caucasus and the Near/Middle East and southern Europe. Hg G is most common in the Caucasus with a maximum frequency exceeding 70% in North Ossetians, 2, 3 decreasing to 13% in Iran 4 and then rapidly dissipating further eastward. Hg G also occurs at frequencies ranging from 5 to 15% in both the rest of Near/Middle East and southern European countries (especially Italy and Greece), with a decreasing frequency gradient towards the Balkans and northern Europe. The presence of hg G was first reported in Europe and Georgia 5 and later described in additional populations of the Caucasus. 6 Subsequently, several data sets containing hg G-related lineages have been presented in studies of different European populations [7] [8] [9] [10] and so on, as well as studies involving several Middle Eastern and South Asian populations. 4, [11] [12] [13] Hg G, together with J2 clades, has been associated with the spread of agriculture, 5 especially in the European context. However, interpretations based on coarse haplogroup resolution frequency clines are unsophisticated and do not recognize underlying patterns of genetic diversification. The complexity is apparent in both the phylogenetic resolution and geographic patterning within hgs G and J2a. These patterns have been related to different migratory events and demographic processes. 2, 10, 11, [14] [15] [16] Although the phylogenetic resolution within hg G has progressed, 1, 17 a comprehensive survey of the geographic distribution patterns of significant hg G sub-clades has not been conducted. Here we address this issue with a phylogeographic overview of the distribution of informative G sub-clades from South/Mediterranean Europe, Near/Middle East, the Caucasus and Central/South Asia. The new phylogenetic and phylogeographic information provides additional insights into the demographic history and migratory events in Eurasia involving hg G.
MATERIALS AND METHODS
The present study comprises data from 98 populations totaling 17 577 individuals, of which 1472 were members of hg G. The haplogroup frequency data are presented in Supplementary Table S1 . The hg G individuals in Supplementary Table S1 were either first genotyped for this study or updated to present phylogenetic resolution from earlier studies. 2, 4, 10, 11, 13, 16, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] All hg G (M201-derived) samples were genotyped in a hierarchical manner for the following binary markers: M285, P20, P287, P15, L91 P16, M286, P303, U1, L497, M406, Page19, M287 and M377. Specifications for most markers have been previously reported, 1, 17, 28 ISOGG 2011 (http://www.isogg.org/tree/). In addition, we introduce five new markers: M426, M461, M485, M527 and M547 (Supplementary Table S2 ). Furthermore, markers Page94, U5, U8 and L30 were typed in contextually appropriate samples to establish the position of the five new markers within the phylogeny. We genotyped binary markers following PCR amplification, by either Denaturing High Performance Liquid Chromatography, RFLP analysis, Taqman assay (Applied Biosystems, Foster City, CA, USA) or direct Sanger sequencing methodology.
A subset of 693 samples was typed for short tandem repeats of Y-chromosome (Y-STRs) using the 17 STR markers in the Applied Biosystems AmpFlSTR Yfiler Kit according to manufacturer recommendations. Two additional markers, DYS388 [29] [30] and DYS461 31 were typed separately. The fragments were run on the ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems). The results were analyzed using the ABI PRISM program GeneMapper 4.0 (Applied Biosystems). Y-STR haplotypes were used to construct phylogenetic networks for haplogroups G-P303, G-P16 and G-M377, using the program Network 4.6.0.0 (Fluxus-Engineering, Suffolk, England, UK) and applying the median-joining algorithm. The G-P303 phylogenetic network was constructed using 248 G2a3b-P303-derived 19-locus haplotypes from populations representing Europe, Middle/Near East, South/Central Asia and the Caucasus and belonging to five sub-clades P303*, U1, M527, M426 and L497. Similarly, G-P16 and G-M377 networks were created using 104 P16-derived 19-locus haplotypes and 61G-M377-derived 9-locus haplotypes, with both groups representing European, Near/ Middle Eastern and central/west Asian populations. The identities of the specific 19 loci that define the STR haplotypes are reported in Supplementary  Table S3 and Figure 4 legend.
The coalescent times (Td) of various haplogroups were estimated using the ASD o methodology described by Zhivotovsky et al, 32 modified according to Sengupta et al. 13 We used the evolutionary effective mutation rate of 6.9 Â 10 -4 per 25 years, as pedigree rates are arguably only pertinent to shallow rooted familial pedigrees, 33 as they do not consider the evolutionary consequences of population dynamics including the rapid extinction of newly appearing microsatellite alleles. Moreover, the accuracy and validity of the evolutionary rate has been independently confirmed in several deep-rooted Hutterite pedigrees. 34 Furthermore pedigree rate-based estimates cannot be substantiated, as they are often inconsistent with dateable archeological knowledge, for example, as clearly illustrated regarding the peopling of the Americas. 35 Coalescent times based on 10 STR loci (DYS19, DYS388, DYS389I, DYS389b, DYS390, DYS391, DYS392, DYS393, DYS439, DYS461-TAGA counts) and the median haplotypes of specific hg G sub-haplogroups are presented in Supplementary Table S4 . For the multi-copy STR DYS389I,II the DYS389b value was DYS389I subtracted from DYS389II. Also for P15* and L91 lineages Td estimates, DYS19 was excluded owing to duplications in these lineages. 36 The formula for the coalescence calculations is as follows: Age ¼ 25/1000 Â ASD 0 /0.00069.
'ASD 0 ' is the average squared difference in the number of repeats between all current chromosomes of a sample and the founder haplotype, which is estimated as the median of current haplotypes. '25' and '0.00069' denote the assumed average generation time in years and the effective mutation rate, respectively, and '1000' is used to convert the result of the equation (into thousands of years). SD was also calculated for the age estimates according to the following formula: 25/1000 Â O(ASD 0 variance)/ 0.00069.
Such temporal estimates must be viewed with caution owing to differences in individual STR locus mutation rates, sensitivity to rare outlier STR alleles and complexities related to multiple potential founders during a demographic event. Nonetheless, coalescent times provide a valuable/informative relative metric for estimating the time of lineage formation. Spatial frequency maps for hg G sub-clades that attained 10% frequency in at least one population were obtained by applying the haplogroup frequencies from Supplementary Table  S1 . The frequency data were converted into isofrequency maps using the Surfer software (version 8, Golden Software, Inc., Golden, CO, USA), following the kriging algorithm using advanced options to use bodies of waters as breaklines. Artefactual values below 0% values were not depicted. Spatial autocorrelation analysis was carried out to assess the presence/absence of clines regarding informative G sub-haplogroups. The Moran's I coefficient was calculated using the PASSAGE software v.1.1 (Phoenix, AZ, USA) with binary weight matrix, nine distance classes and random distribution assumption. To accommodate for variability in sample sizes and hg G content, haplogroup diversity was calculated using the method of Nei 37 only in the 52 instances when total population sample size exceeded 50 individuals and Z5 hg G chromosomes were observed.
Principal component analysis based on G sub-haplogroup frequencies was performed using the freeware POPSTR program (http://harpending.humanevo. utah.edu/popstr/).
RESULTS AND DISCUSSION
The phylogenetic relationships of the various sub-haplogroups investigated are shown in Figure 1 . Notably no basal G-M201*, Page94*(xM285, P287) chromosomes were detected in our data set.
We emphasize that our assessments are based solely on contemporary DNA distributions rather than actual prehistoric patterns. Thus inferences regarding migratory histories must be viewed cautiously, as diversities may have changed over the time spans discussed. Nonetheless, our approach using high-resolution phylogenetic relationships as well as their phylogeography to infer the possible origin of a genetic variant provides a more plausible deduction than simply the region of highest frequency. We attempted to localize the potential geographic origin of haplogroup G-M201 by considering those locations containing both G1-M285-and G2-P287-related lineages as well as the co-occurrence of high sub-haplogroup diversity. Specifically, we intersected these criteria by applying the following filters. First, we calculated haplogroup diversity using data in Supplementary Table S1 for the 52 instances when total population sample size exceeded 50 individuals and Z5 hg G chromosomes were observed. Then we applied a 10% overall hg G frequency threshold and the additional specification that both haplogroup G1 and G2 lineages also be present. In the ten remaining populations, haplogroup diversity spanned from a low of 0.21 in Adyghes, to highs of 0.88 in Azeris (Iran) and 0.89 in eastern Anatolia and 0.90 in Armenia. We estimate that the geographic origin of hg G plausibly locates somewhere nearby eastern Anatolia, Armenia or western Iran. The general frequency pattern of hg G overall (Figure 2a) shows that the spread of hg G extends over an area from southern Europe to the Near/Middle East and the Caucasus, but then decreases rapidly toward southern and Central Asia.
Although not exceeding 3% frequency overall, haplogroup G1-M285 reflects a branching event that is phylogenetically equivalent to the more widespread companion G2-P287 branch in the sense that both branches coalesce directly to the root of G-M201. Although the low frequency of hg G1-M285 makes it impractical to justify displaying a spatial frequency map, it is found (Supplementary Table S1) in the Near/Middle East including Anatolia, the Arabian Peninsula and Persian Gulf region, as well as Iran and the South Caucasus (mostly Armenians). Although hg G1 frequency distribution, overall, extends further eastward as far as Central Asian Kazakhs (present even among Altaian Kazakhs 38 with identical STR haplotypes compared with the main Kazakh population), it is virtually absent in Europe. Although the present-day frequency of G1 is low across its spread zone, the expansion time estimate (Supplementary Table S4 ) of 19 271 ± 6158 years attests to considerable antiquity.
In contrast to G1, the absolute majority of hg G samples belonged to G2-P287-related sub-clades, with the vast majority of them being associated with G2a-P15-related lineages. Using Y-STR data, the Td expansion time for all combined P15-affiliated chromosomes was estimated to be 15 082±2217 years ago. Important caveats to consider include the fact that Td is sensitive to authentic rare outlier alleles and that multiple founders during population formation will inflate the age estimate of the event. Thus, these estimates should be viewed as the upper bounds of dispersal times. Considering these issues, we acknowledge that the variance of the age estimates may be underestimated. While neither knowledge of paleo-climate, archeology or genetic evidence from a single locus using modern populations provides an unimpeachable microcosm of pre-historical expansions, considering them together cautiously provides a contextual framework for discussion.
The suggested relevant pre-historical climatic and archeological periods specified in conjunction with lineage-specific estimated expansion times are specified in the summary portion of Supplementary Table S4 .
The G2 clade consists of one widespread but relatively infrequent collection of P287*, M377, M286 and M287 chromosomes versus a more abundant assemblage consisting of G2a-related P15*, P16 and M485-related lineages. A network of 61 G2c-M377 lineages from Europe, the Near/Middle East and Central and South Asia reveals founder lineages (one pronounced founder in Ashkenazi Jews and a far distant one among South Asian individuals) and diverged lineages (Supplementary Figure S1) . The corresponding coalescent estimate for M377 is 5600 years ago (Supplementary Table S4 ). Unresolved G2a-P15* lineages occur across a wide area extending from the Near/Middle East to the Balkans and Western Europe in the west, the Caucasus (especially the South Caucasus) in the north and Pakistan in the east. Although both broadly distributed, G2a-P15* and its downstream L91 sub-lineage have low frequencies, with the exception of Sardinia and Corsica. It is notable that Ö tzi the 5300-year-old Alpine mummy was derived for the L91 SNP and his autosomal affinity was nearest to modern Sardinians. 28 The G2a2-M286 lineage is very rare, so far detected only in some individuals in Anatolia and the South Caucasus. On the other hand, G2a3-M485-associated lineages, or more precisely its G2a3b-P303-derived branch, represent the most common assemblage, whereas the paraphyletic G2a3-M485* lineages display overall low occurrence in the Near/Middle East, Europe and the Caucasus. Interestingly, the L30 SNP, phylogenetically equivalent to M485, M547 and U8, was detected in an approximately 7000-year-old Neolithic specimen from Germany, although this ancient DNA sample was not resolved further to additional sub-clade levels. 39 Geographic spread patterns of the P303-derived groups defined by L497, U1 and P15(xP303)-derived P16 and M406 lineages, all of which achieve a peak frequency of at least 10%, are presented in Figure 1 Phylogenetic relationships of studied binary markers within haplogroup G in wider context of M89-defined clade. The naming of sub-clades is according to YCC nomenclature principles.
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Figures 2b-f, respectively. These five major sub-clades of the G2 branch show distinct distribution patterns over the whole area of their spread. However, no clinal patterns were detected in the spatial autocorrelation analysis of the five sub-haplogroup frequencies with distance, suggesting that the distributions are not clinal but rather indicative of isolation by distance and demographic complexities. This is not surprising, as clines are not expected in cases of sharp changes in haplogroup frequency over a relatively small distance such as those observed for hg G, for instance between the Caucasus and Eastern Europe.
The overall coalescent age estimate (Supplementary Table S4 ) for P303 is 12 600 years ago. Although compared with G1-M285, the phylogenetic level of P303 (Figure 1 ) is shallower but its geographic spread zone covers the whole hg G distribution area (Figure 2b ). The highest frequency values for P303 are detected in populations from Caucasus region, being especially high among South Caucasian Abkhazians (24%) and among Northwest (NW) Caucasian Adyghe and Cherkessians-39.7% and 36.5%, respectively. In the Near/Middle East, the highest P303 frequency is detected among Palestinians (17.8%), whereas in Europe the frequency does not exceed 6%.
Another frequent sub-clade of the G2a3-M485 lineage is G2a3a-M406 (Figure 2e) . In contrast to its widely dispersed sister clade defined by P303, hg G-M406 has a peak frequency in Cappadocia, Mediterranean Anatolia and Central Anatolia (6-7%) and it is not detected in most other regions with considerable P303 frequency. The expansion time of G-M406 in Anatolia is 12 800 years ago, which corresponds to climatic improvement at the beginning of the Holocene and the commencement of sedentary hunter-forager settlements at locations, such as Gobekli Tepi in Southeast Anatolia, Figure 2 (a)-(f) Spatial frequency maps of haplogroup G (hg G) and its sub-clades with frequencies over 10%. In the case of the general frequency pattern of hg G, panel (a) was obtained by applying the frequencies from Supplementary Table S1 together with data taken from the literature, concerning 569 individuals representing 7 populations comprising Algerians, 47 Oromo and Amhara Ethiopians, 48 and Berbers, Arabs and Saharawis from Morocco. 49 Dots on the map (a) indicate the approximate locations of the sampled populations. Spatial frequency maps for sub-clades (panels b-f) were obtained by applying the frequencies from Supplementary Table S1 using the Surfer software (version 8, Golden Software, Inc.), following the kriging algorithm with option to use bodies of water as breaklines.
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S Rootsi et al thought to be critical for the domestication of crops (wheat and barley) that propelled the development of the Neolithic. G2a3a-M406 has a modest presence in Thessaly and the Peloponnese (4%), 10 areas of the initial Greek Neolithic settlements. More distantly, G2a3a-M406 occurs in Italy (3%) with a Td of 8100 years ago, consistent with the model of maritime Neolithic colonization of the Italian peninsula from coastal Anatolia and/or the Levant. Finally, to the east, G2a3a-M406 has an expansion time of 8800 years ago in Iran, a time horizon that corresponds to the first Neolithic settlements of the Zagros Mountains of Iran. Thus, G2a3a-M406, along with other lineages, such as J2a3b1-M92 and J2a4h2-DYS445 ¼ 6 16 , may track the expansion of the Neolithic from Central/Mediterranean Anatolia to Greece/Italy and Iran. Concerning the presence of hg G in the Caucasus, one of its distinguishing features is lower haplogroup diversity in numerous populations (Supplementary Table S1 ) compared with Anatolia and Armenia, implying that hg G is intrusive in the Caucasus rather than autochthonous. Another notable feature is its uneven distribution. Hg G is very frequent in NW Caucasus and South Caucasus, covering about 45% of the paternal lineages in both regions 2 in this study. 
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Conversely, hg G is present in Northeast Caucasus only at an average frequency of 5% (range 0-19%). Interestingly, the decrease of hg G frequency towards the eastern European populations inhabiting the area adjacent to NW Caucasus, such as southern Russians and Ukrainians, 18, 40 is very rapid and the borderline very sharp, indicating that gene flow from the Caucasus in the northern direction has been negligible. Moreover, these general frequencies mostly consist of two notable lineages. First, the G2a1-P16 lineage is effectively Caucasus specific and accounts for about one-third of the Caucasian male gene pool (Figure 2f ). G-P16 has a high frequency in South and NW Caucasus, with the highest frequency among North Ossetians-63.6%. G-P16 is also occasionally present in Northeast Caucasus at lower frequencies (Supplementary Table S1 ), consistent with a previous report. 3 Outside the Caucasus, hg G-P16 occurs at Z1% frequency only in Anatolia, Armenia, Russia and Spain, while being essentially absent elsewhere. A network analysis of representative hg G-P16 Y-STR haplotypes reveals a diffuse cluster (Supplementary Figure S2) . The coalescence age estimate of 9400 years for P16 coincides with the early Holocene (Supplementary Table  S4 ). The second common hg G lineage in the Caucasus is U1, which has its highest frequencies in the South (22.8% in Abkhazians) and NW Caucasus (about 39.7% in Adyghe and 36.5% in Cherkessians), but also reaches the Near/Middle East with the highest frequency in Palestinians (16.7%) and, shows extremely low frequency in Eastern Europe.
We performed principal component analysis to determine the affinities of various hg G fractions with respect to total M201 among different populations, using the frequency distributions of the following sub-clades: M285, P20, M377, M287, P287, P15*, P16, M286, M485, P303*, L497, U1*, M527, M406 and Page19. The first principal component separates the populations of the Caucasus from those of Europe, with the Near/Middle Eastern populations being intermediate (Figure 3a) . The second component, influenced by the relatively high presence of M377, separates Ashkenazi Jews from other populations (Figure 3a) . A plot of the sub-clades included in the principal component analysis (Figure 3b) indicates that the clustering of the populations from NW Caucasus is due to their U1* frequency, whereas L497 lineages account for the separation of central Europeans. Furthermore, the U1-specific sub-clade M527 is most pronounced among Ukrainians and Anatolian Greeks.
In the G2a3b-P303 network (Figure 4) , there are several regionspecific clusters, indicating a considerable history for this SNP. Taken as a collective group, P303-derived chromosomes are the most widespread of all hg G lineages (Supplementary Table S1 and Figure 2b ) and clearly display differential geographic partitioning between L497 (Figure 2c ) and U1 (xM527) (Figure 2d ). Looking still more closely at the distribution of P303 sub-clades, some distinct patterns emerge in the network (Figure 4) . The non-clustering paraphyletic, hg G sub-group P303* residuals consist of samples from Near/Middle Eastern, Caucasian and European populations. Its estimated Td of 12 095±3000 years ago suggests considerable antiquity allowing time to accumulate STR diversity and also to disperse relatively widely. The hg G-U1 subclade is characterized by several sub-clusters of haplotypes, including a more diverse cluster mostly represented by Caucasus populations. A more compact cluster of Near/Middle Eastern samples is also resolved in the network. The M527-defined sub-clade is unusual in that it reflects the presence of hg G-U1 that is otherwise rare in Europe. Although M527 frequency (Supplementary Table S1 ) is relatively low (1-6%), its phylogeographic distribution in regions such as southern Italy, Ukraine and the Levant (Druze and Palestinians) often coincides with areas associated with the Neolithic and post-Neolithic expansions into the Greek Aegean beginning approximately 7000 years ago. 41 The expansion time (Td) of M527 is 7100±2300 years ago and Figure 4 Network of 248 samples P303 derived from Supplementary Table S3 . The network was obtained using the biallelic markers P303, M426, L497, U1, M527 and 19 STR loci (DYS19, DYS388, DYS389I, DYS389b, DYS390, DYS391, DYS392, DYS393, DYS439, DYS461 (TAGA counts), DYS385a,b, DYS437, DYS438, DYS448, DYS456, DYS458, DYS635, YGATAH4). The Network 4.6.0.0 (Fluxus-Engineering) program was used (median-joining algorithm and the post-processing option). Circles represent microsatellite haplotypes, the areas of the circles and sectors are proportional to haplotype frequency (smallest circle corresponds to one individual) and the geographic area is indicated by color.
is consistent with a Middle to Late Neolithic expansion of M527 in the Aegean. The presence of M527 in Provence, southern Italy and Ukraine may reflect subsequent Greek maritime Iron Age colonization events 16 and perhaps, given its appearance among the Druze and Palestinians, even episodes associated with the enigmatic marauding Sea Peoples. 42 The hg G2a3b1c-L497 sub-cluster, on the other hand, has so far been found essentially in European populations and therefore is probably autochthonous to Europe. While acknowledging that the inference of the age and geographic source of dispersals of Y chromosome haplogroups from the frequency and STR diversity data can be approximate at best, we speculate that this lineage could potentially be associated with the Linearbandkeramik (LBK) culture of Central Europe, as its highest frequency (3.4-5.1%) and Td estimate (Supplementary Table S4 ) of 10 870 ± 3029 years ago occur there. Whereas the presence of Mideastern mtDNA in Tuscany 43 supports the model of early Iron Age migrants from Anatolia (putative Etruscans) colonizing Central Italy, 44 the occurrence of the G2a3b1c-L497 lineage in Italy is most likely associated to migratory flows from the north. An assessment of the Y-chromosome phylogeography-based proposal that the spread of G2a-L497 chromosomes originated from Central Europe could be achieved by typing this SNP in the Holocene period human remains from Germany 31 as well as those from France and Spain. 45, 46 Certainly, Y chromosome represents only a small part of human genome and any population-level interpretation of gene flow in this region would have to be supported by genome-wide evidence.
